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Abstract We discuss hybrid systems in which a mechanical oscillator is coupled 
to another (microscopic) quantum system, such as trapped atoms or ions, solid- 
state spin qubits, or superconducting devices. We summarize and compare different 
coupling schemes and describe first experimental implementations. Hybrid systems 
enable new approaches to quantum control of mechanical objects, precision sensing, 
and quantum information processing. 



1 Introduction 

The ability of functionalized mechanical systems to respond to electric, magnetic 
and optical forces has in the past led to widespread applications of mechanical res- 
onators as sensitive force detectors. With improved technology the same principle 
will apply for resonators in the quantum regime and allow the integration of me- 
chanical oscillators with a large variety of other (microscopic) quantum systems 
such as atoms and ions, electronic spins, or quantized charge degrees of freedom. 
The benefits of such hybrid quantum systems are quite diverse. On the one hand. 
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the motion of the resonator can be used as a sensitive probe and readout device for 
static and dynamic properties of the quantum system. On the other hand, coupling 
the resonator to a coherent and fully controllable two-level system provides a way 
to prepare and detect non-classical states of mechanical motion. Finally, the me- 
chanical system can serve as a quantum transducer to mediate interactions between 
physically quite distinct quantum systems. This can be used to coherently couple 
e.g. an electronic spin to charge or optical degrees of freedom with various potential 
applications in the context of (hybrid) quantum information processing. 

From a practical point of view the combination of mechanical resonators with 
microscopic quantum systems faces considerable challenges. Often the functional- 
ization of mechanical resonators with electrodes, magnets, or mirrors competes with 
the requirement of a small mass to achieve a sufficient coupling strength on a single 
quantum level. At the same time both the resonator and the other quantum system 
must be exceptionally well isolated from the environment to avoid decoherence. 
Various hybrid setups have been proposed that address those challenges, and some 
have already been implemented in experiments. This includes solid-state systems 
such as spin qubits, quantum dots, and superconducting devices, as well as atomic 
systems such as trapped atoms, ions, and molecules. In this chapter we give a brief 
overview of the different approaches towards mechanical hybrid quantum systems 
and discuss some basic examples from the fields of solid-state and atomic physics. 



2 Solid-State Quantum Systems Coupled to Mechanics 

Within the field of solid-state physics, a large variety of microscopic two- or few- 
level systems have been identified that are well isolated from the environment and 
allow for a coherent manipulation of their quantum state. Examples range from elec- 
tronic or nuclear spin states associated with naturally occurring defect centers to 
electronic states of so-called artificial atoms such as quantum dots or superconduct- 
ing Josephson devices. Nanomechanical systems are naturally integrated with such 
solid-state quantum systems by fabricating them on the same chip, where they inter- 
act with spins or charges via strong magnetic or electric forces. In contrast to most 
of the atomic implementations described below, the system dimensions are usually 
not limited by optical properties or trapping requirements, and without those restric- 
tions strong interactions between an individual two-level system and a mechanical 
mode can be achieved more easily. On the other hand, it is more challenging to 
achieve long coherence times in the solid state. In combination with cryogenic tem- 
peratures the solid-state approach to mechanical hybrid systems offers a promising 
route towards manipulating mechanical motion on a single phonon level. 

We first present a brief overview of different physical mechanisms that have been 
suggested for achieving strong coupling between solid-state systems and mechan- 
ical motion. For the specific examples of superconducting charge qubits and elec- 
tronic spin qubits we then describe mechanical sensing techniques and quantum 



Hybrid Mechanical Systems 



3 




Fig. 1 Different schemes for coupling solid-state qubits and mechanical resonators, a) Electro- 
static coupling to charge qubits. b) Lorentz force interactions with current states of a flux qubit. c) 
Magnetic coupling to spins, d) Deformation potential coupling to quantum dots or defect centers. 



control schemes as basic applications of these systems in the weak and strong inter- 
action regime. 



2.1 Overview of Systems and Coupling Mechanisms 

The coupling of mechanical motion to other harmonic oscillators has been treated 
in other chapters of this book and we restrict the discussion in this section to micro- 
scopic two-level systems with a ground and excited state |^) and \e). In solid-state 
systems the energy separation E^g between the two states is strongly dependent on 
the local electrostatic and magnetic fields, which also provides a way to couple to 
mechanical motion. For example, by fabricating an oscillating electrode or a vi- 
brating magnetic tip, the system energy E^g (i) — E^^ + d^EegX +{\/2) d^EggX^ + ... 
now explicitly depends on the resonator displacement x — xzpp{b + b''). Even for 
nanoscale devices the zero point motion xzpp ~ 10^ m is still much smaller than 
other system dimensions and corrections beyond the linear coupling term are usu- 
ally negligible. Therefore, the generic Hamiltonian for the qubit-resonator system is 
given by 

H{t)=H^{t)+nQMb^b + fiX{b + b')a,, (1) 

where = ^ \s){g\ is the Pauli operator and Hg{t) denotes the unperturbed 
Hamiltonian for the solid-state qubit. The relevant parameter in Eq. ([T]) is the cou- 
pling strength A = dxE^gXzpF /^h, which is the frequency shift per vibrational quan- 
tum. 

While the basic form of the interaction in Eq. ([T]) has been derived from quite 
general considerations, the origin and the magnitude of the qubit-resonator cou- 
pling A depends on the specific physical implementation. Fig. [T] illustrates four ba- 
sic mechanisms for coupling different charge and spin qubits to mechanical motion. 
In Fig. [T^ two states encoded in quantized charge degrees of freedom, e.g. an elec- 
tron on a quantum dot H] |2] [3] |4| or a Cooper pair on a small superconducting 
island f5!|6l|7]|8l, are coupled to a vibrating gate electrode. The energy for a total 
charge Q on the island is Eq = {Q— Qgf" jlCz where Cx = Cq -f Cg is the total ca- 
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pacitance of the island, Cg the gate capacitance and Qg = VgCg the gate charge. For 
small displacements Cg{x) Cg{l — x/d) where d is the gate separation, the typical 
coupling strength is 

fiX^i « eVgCg/Cz X xzpf/ d. (2) 

For d w 100 nm and voltages up to Vg = 10 V this coupling is quite substantial and 
can reach values in the range of Ae//2;r w 5 — 50 MHz |5 1. 

Instead of using charge states, a two-level system can alternatively be en- 
coded in clockwise and anti-clockwise circulating currents in a superconducting 
loop m [TOl [TT] [121 [H [HI as shown in Fig.[T]5. Here an interaction with a freely 
suspended arm of the loop can arise from the Lorentz force created by a magnetic 
field Bo perpendicular to the bending motion lflTl[T2l[T3l . For circulating currents 
of magnitude Ig and a length I of the resonator we obtain 

TlALor ~ BqI^Ixzpf- (3) 

Although the applied magnetic field is limited by the critical field of the supercon- 
ductor, Bq < 10 mT, typical values of Ig « 100 nA and I = 5 flm still result in a 
coupHng strength of Xior/ 27Z w 0.1 - 1 MHz fTTIfTIlfTl. 

Qubits encoded in electronic or nuclear spin states can be coupled to the motion 
of a magnetized tip ifTSl [161 fTTl [TSl fT9l as shown in Fig.[T];. Here strong magnetic 
field gradients VB lead to a position dependent Zeeman splitting of the spin states 
and for an electi'on spin, 

HKwg ~ ^.sMbJ^zpfVB/2, (4) 

where fig is the Bohr magneton and gs ~ 2. On the scale of a few nanometers, mag- 
netic field gradients can be as high as VB ^ 10^ T/m 112011211 . which corresponds 
to a coupling strength of X,„ag/27i: « 10— 100 kHz |[T9l . Due to a smaller magnetic 
moment, the coupling to a single nuclear spin is reduced by a factor ^ 10^^, but is 
partially compensated by the much longer coherence times of nuclear spin qubits. 

Mechanical resonators cannot only modulate the configuration of externally ap- 
plied fields, but for example also couple to quantum dots or defect centers by chang- 
ing the local lattice configuration of the host material |22|. This deformation poten- 
tial coupling is illustrated in Fig.[T|l where flexural vibrations of the resonator induce 
a local stress a ^ zoxzpp/l^, where I is the resonator length and zo the distance of 
the defect from the middle of the beam. The corresponding level shift is given by 

^hef ~ {De - Dg)zoXzPF/l^, (5) 

where Dg and Dg are deformation potential constants for the ground and excited 
electronic states. For quantum dots a coupling strength of Xdef/^n w 1 — 10 MHz 
can be achieved ll22ll . but competes with radiative decay processes of the same order. 

In summary, this brief overview shows that various different mechanisms lead 
to interactions between solid-state two-level systems and mechanical resonators. In 
many cases the single phonon coupling strength X can be comparable to or even 
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exceed the typical decoherence rate of the qubit T^^ as well as the mechanical 
heating rate I7h — ^bT /hQ. As we describe now in more detail this enables various 
applications ranging from measurement and ground state cooling schemes for weak 
coupUng to quantum control techniques in the strong coupUng regime. 



2.2 Superconducting Devices and Mechanics 

Solid state qubits which are encoded in a quantized charge degree of freedom can 
be coupled to mechanical motion via electrostatic interactions. A prototype exam- 
ple is the Cooper Pair Box (CPB), i.e. a small superconducting island where Cooper 
pairs are coherently coupled to a large reservoir via a Josephson tunnel junction (see 
Fig. [T^). The CPB belongs to a larger class of superconducting qubits ll23l l24l and 
is - in its simplest realization - described by the number of excess Cooper pairs 
on the island and its conjugate variable d which is the difference of the supercon- 
ducting phase across the Josephson junction. As discussed in more detail in chapter 
[LEHNERT] the corresponding quantum operators obey the standard commutation 
relations [N, 5] — i and the Hamiltonian operator for the CPB is 

Hcm=Ec{N~N,f^Ejco5{5). (6) 

Here Ec = Ae^ /2Cz is the charging energy for a total island capacitance Cx, Ej is 
the Josephson energy, and Ng — CgVi,/ (2e) the dimensionless gate charge which can 
be adjusted by the voltage Vg applied across the gate capacitance Cg. The CPB is 
usually operated in a regime where the charging energy Ec/h ^ 50 GHz is the dom- 
inant energy scale and the dynamics of the CPB is restricted to the two energetically 
lowest charge states. For example, by setting A'^^, = « + 1/2 + ANg with integer n 
and ANg < 1, these two states are \g) = \N = n) and |e) = = n + 1) and form the 
basis of a so-called 'charge qubit' |23|. The states \g) and \e) are separated by an 
adjustable charging energy Egg = lEcANg and coupled by the Josephson tunneling 
term {g\HcpB\e) = -Ej/2. 

When the gate electrode is replaced by a vibrating mechanical beam the capac- 
itance Cg{x) Ri Cg{l —x/d) varies with the beam displacement x and the resulting 
change in the charging energy Ef,g{x) introduces a coupling between the qubit states 
and the mechanical resonator. The Hamiltonian for the combined system is then 
given by Em 

H = E.ANg a,-^-a^ + hQMb^b + Til {b + P)d,, (7) 

and we recover the general form Eq. ([T]i of the qubit-resonator coupling with a sin- 
gle phonon coupling constant ?^ = Xgi as defined in Eq. (j2|. Due to the electrostatic 
nature of the interaction the achievable coupling strength Xgi/ln ^ 10 MHz be- 
tween a charge qubit and a mechanical resonator can be substantially larger than 



the corresponding magnetic interactions with spin qubits discussed in section 2.3 
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below. However, for the same reason charge states are also more susceptible to ran- 
dom interactions with the environment and typical dephasing times T2 for charge 
superposition states are in the pico- to nanosecond regime. An exception to this rule 
occurs when the CPB is operated at the charge degeneracy point ANg = 0. Here 
the eigenstates of Hqvb, namely \g) = {\g) + \e))/^/2 and \e) ~ {\g) — \e))/^/2, are 
combinations of different charge states and therefore highly insensitive to ubiqui- 
tous sources of low frequency electric noise [25 1 . By assuming ANg = and re- 
expressing Eq. (jTj) in terms of the PauU operators Oj for the rotated basis states \g), 
\e) we obtain 

H =^a- + hQMb'b + hX{b^b')d^, (8) 

as our final model for the coupled resonator charge qubit system. Indeed, by us- 
ing optimized charge qubit designs dephasing times 72 > 1 /is have been demon- 
strated Il25ll26l . This makes the CPB a promising candidate to achieve strong cou- 
pling A72 > 1 with a mechanical resonator 

Equation (|8]l is familiar from related models studied in the context of cavity 
QED II27I or trapped ions ll28l . where usually a resonant exchange of excitations 
between the qubit and the resonator is used for cooling or quantum control of the 
resonator mode. However, with the exception of the high frequency dilatation modes 
described in chapter [LEHNERT], mechanical frequencies of jim sized beams are 
typically in the range of 10 — 100 MHz and Eq. ([8]l describes a highly non-resonant 
coupling to a qubit with a transition frequency Ej/h^ 5 GHz. Therefore, in the fol- 
lowing we briefly outline two possibly strategies for potential quantum applications 
in the present system. First, we remark that in the relevant regime X ^ < Ej 
second order perturbation theory can be used to approximate Eq. (j8]l by an effective 
Hamiltonian |l6l|8l 

H ~^a, + hQub^b + hx{Pb + \/2)a.. (9) 

The resulting coupling term with a strength %% = {^X)^ x 2Ej/{Ej — (7zX2m)^) can 
be interpreted as a shift of the qubit frequency proportional to the phonon number 
b'b. Under the condition X^i > ^ this frequency shift can in principle be detected 
and the charge qubit can be used to implement a quantum non-demolition measure- 
ment of the number of vibrational quanta of the mechanical mode. To resolve a 
single vibrational level in time the coupling x must also exceed the rate f^h 31 which 
the environment induces jumps between different vibrational states of the resonator. 
Estimates show that in this setting the combined condition x > Jth, 72^' for a phonon 
resolved measurement is experimentally feasible |6 |. 

To go beyond passive measurement applications a second strategy is to real- 
ize effective resonance conditions by applying an oscillating gate voltage Vg{t) ~ 
cos(a)of) such that the microwave frequency coq — Ej/Ti — Qy[ is used to gap the 
energy between vibrational and qubit excitations Q |23 . In the interaction picture 
with respect to the free evolution Hq = Ej /2a- + TiQ.yiV'b the resulting Hamiltonian 
is then of the form 
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H ~ X{o+b + a-b^) + [e^i^^^' ^e^i^mj , (10) 
where for X <C £2m, (Oq the oscillating terms can be neglected by using a rotating 



wave approximation. Hamiltonian (lOi reduces to the resonant Jaynes-Cummings 
model which allows a coherent exchange of qubit and vibrational excitation. Appli- 
cations of this model such as sideband cooling, state preparation and detection have 
been discussed in different areas of quantum optics. The driven CPB provides the 
tool to implement similar applications IH |29]| for the vibrational modes of macro- 
scopic mechanical resonators. 



2.3 Spin Qubits and Mechanics 



As discussed in section 2.1 electronic and nuclear spin states can be coupled to 
mechanical motion by way of a magnetic field gradient. In the solid state, this sit- 
uation is reaUzed by positioning a spin qubit - typically residing in the lattice of 
some material - in close proximity to a strongly magnetized tip. One of the two ele- 
ments, the tip or the qubit, is then rigidly affixed to a cantilever or other mechanical 
resonator. The most prominent examples of such experiments include mechanically 
detected magnetic resonance and optical experiments on nitrogen-vacancy defects 
in diamond. 



2.3.1 Mechanical Detection of a Single Electron Spin 

The first experiments demonstrating coupling between a nanomechanical cantilever 
and the spin of an isolated single electron appeared in 2004. In a landmark exper- 
iment, Rugar et al. measured the force of flipping a single unpaired electron spin 
contained in a silicon dangling bond (commonly known as an E' center) using a 
NEMS cantilever |16|. This achievement concluded a decade of development of a 
technique known as magnetic resonance force microscopy (MRFM) and stands out 
as one of the first single-spin measurements in a solid-state system. 

The principle behind MRFM is simple (see Fig.|2]i. Magnetic moments - such as 
those associated with single electron or single nuclear spins - produce a force when 
in a magnetic field gradient: F = jtiVB, where pL is the spin's magnetic moment and 
VB is the spatial field gradient. This force can couple the deflection of a compliant 
cantilever to the spin if either the spin or the gradient source, such as a small magnet, 
are fixed to the cantilever If the magnetic field gradient is large enough (i.e. the 
coupling is strong enough), the spin polarization and the cantilever's motion will be 
coupled. 

Most MRFM techniques utilize this coupling to make measurements of spin den- 
sity on the micro- or nanometer scale |30|. They employ extremely compliant can- 
tilevers capable of detecting forces as small as 1 aN/-\/Hz and optical interferom- 
eters that can measure the cantilever's displacement to resolutions of 1 pm/\/Hz. 
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Fig. 2 Schematics of an 
MRFM apparatus, (a) "Tip- 
on-cantilever" arrangement, 
such as used in the single 
electron MRFM experiment 
of 2004 Qej- (b) "Sample-on- 
cantilever" arrangement, like 
the one used for the nanoscale 
virus imaging experiment in 
2009 (17]. In both cases the 
hemispherical region around 
the magnetic tip is the region 
where the spin resonance 
condition is met - the so- 
called "resonant slice". 




Furthermore, magnetic resonance techniques are used in order to selectively address 
ensembles of spins in a sample, allowing for both spatial and chemical selectivity. 
For example, a pulse sequence known as a rapid adiabatic passage can be applied 
using a rf source. The sequence causes only the spins on resonance with the rf carrier 
frequency to flip. As a result, a small ensemble of spins - at a particular region in 
space - can be made to flip at the cantilever's mechanical resonance frequency. This 
spin oscillation in turn drives the cantilever into oscillation. Because this spin force 
is made to occur at the cantilever's resonant frequency and at a particular phase, it 
can be distinguished from all other random electro-static and thermal forces disturb- 
ing the cantilever's motion. 

We should note that the force sensitivity required for the single electron spin 
measurement imposed several limitations. Since the single-shot signal-to-noise ra- 
tio (SNR) was 0.06, up to 12 hours of averaging per data point were required ||T6| . 
In addition to making useful imaging prohibitively time-consuming, this small SNR 
precludes the technique from following the dynamics of the single electron spin. 
Large SNRs would allow for shorter measurement times. If the measurement time 
could be reduced below the correlation time of the electron spin, which is related 
to the relaxation time of the electron spin in its rotating frame, real-time readout of 
the spin quantum state would become possible. Such readout would enable a wide 
variety of quantum measurement experiments. In the case of the electron spin E' 
centers, the correlation time was measured to be 760 ms. Until the SNR improves 
dramatically, real-time readout of spins will only be possible for small ensembles 
of electrons rather than for single electrons. One example is the real-time measure- 
ment of the direction of spin polarization for an ensemble of spins 70 electron 
spins) f31|. In contrast, due to low SNR, the single-spin measurement |16| could 
not discern the direction of the measured spin; it could only ascertain its position. 
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Using this technique to couple and detect a single nuclear spin is far more chal- 
lenging than to detect a single electron spin. The magnetic moment of a nucleus 
is much smaller than that of an electron: a 'H nucleus (proton), for example, pos- 
sesses a magnetic moment that is only ^ 1 / 650 of an electron spin moment. Since 
the measured force, F, is directly proportional to the magnetic moment of the spin, 
a significantly higher force resolution is required for nuclear spin experiments than 
for electron spin experiments. Other important nuclei, such as '^C or a variety of 
isotopes present in semiconductors, have even weaker magnetic moments than 'H. 
In order to observe single nuclear spins, it is necessary to improve the state-of-the- 
art sensitivity by another two to three orders of magnitude. While not out of the 
question, this is a daunting task that requires significant advances to all aspects of 
the MRFM technique. 

2.3.3 Strong Magnetic Coupling 

The strong magnetic coupling achieved between spins and the cantilever enables 
the high sensitivity of MRFM. This coupling is mediated by field gradients that can 
exceed 5 x 10^ T/m [20i i21l . For the cantilevers and magnetic tips used in these 
experiments this corresponds to Xmag/^n sa 10 kHz for a single electron spin and 
10 Hz for a proton. Such high gradients have been achieved using micro-fabricated 
Dy or FeCo magnetic tips and by the ability to make stable measurements with the 
sample positioned less than 50 nm from the apex of the tip. The strong interaction 
between spins and the mechanical sensor has been the subject of a number of the- 
oretical studies, and is predicted to lead to a host of intriguing effects. These range 
from shortening of spin lifetimes by "back action" |32 33 1, to spin alignment by 
specific mechanical modes either at the Larmor frequency or in the rotating frame 
|[34|, to a mechanical analog of a laser Iil5i . and to long-range mediation of spin 
couplings using charged resonator arrays 1351 . 

The first direct experimental evidence for accelerated nuclear spin relaxation in- 
duced by a single, low-frequency mechanical mode was reported in 2008 |36|. In 
these experiments the slight thermal vibration of the cantilever generated enough 
magnetic noise to destabilize the spin. Enhanced relaxation was found when one 
of the cantilever's upper modes (in particular the third mode with a frequency of 
about 120 kHz) coincided with the Rabi frequency of the '^F spins in CaF2. In this 
regime, the spins are more tightly coupled to one mechanical resonator mode than 
to the continuum of phonons that are normally responsible for spin-lattice relax- 
ation. Interestingly, these initial experiments showed a scaling behavior of the spin 
relaxation rate with important parameters, including magnetic field gradient and 
temperature, that is substantially smaller than predicted by theory. 



10 Philipp Treutlein, Claudiu Genes, Klemens Hammerer, Martino Poggio, and Peter Rabl 

2.3.4 Nano-MRI and Potential Practical Applications 

The coupling of small nuclear spin ensembles to a compliant mechanical oscillator 
through strong magnetic tips has resulted in the highest magnetic resonance imag- 
ing (MRJ) resolution achieved by any method. In 2009, Degen et al. demonstrated 
three-dimensional (3D) MRJ of nuclear spins in a biological specimen (tobacco 
mosaic virus) with a spatial resolution down below 10 nm 1 17 1. This resolution rep- 
resents a 100 million-fold improvement in volume resolution over conventional MRI 
and shows the potential of MRFM as a tool for elementally selective imaging on the 
nanometer scale. If the development of such techniques continues, these results in- 
dicate that force-detected spin resonance has the potential to become a significant 
tool for structural biologists. 

2.3.5 Nitrogen Vacancy Centers and Mechanics 

Recently, single nitrogen vacancy (NV) centers hosted in diamond have been pro- 
posed a solid-state qubits amenable to mechanical coupling |19|. Again, as in the 
case of MRFM, the coupling rests on bringing the qubit - in this case a single NV 
- in close proximity to a strongly magnetized tip. Then, either the NV or the tip 
must be affixed to a mechanical oscillator NV centers appear especially attractive 
qubits due to their excellent optical and electronic properties. A single NV spin can 
be readily initialized and measured by optical means, manipulated using resonant 
rf pulses, and excellent coherence times up to a few milliseconds persist even in 
ambient conditions Il37ll38ll . As a result NVs have been proposed and used as ultra- 
sensitive scanning magnetic sensors |[39l l40l 1411 l42l . 

First experiments have recently demonstrated the coupling of the NV spin to 
mechanical motion. Arcizet et al. coupled an NV to the motion of a SiC nanowire 
using field gradients around 7 x 10^ T/m Il43l . The NV was fixed to the tip of the 
nanowire while the magnet was placed near to it. Nanowire vibrations of a few tens 
of nanometers in amplitude were detected through a change in the lineshape of the 
NV spin resonance. More recently, Kolkowitz et al. used an NV spin to sense the 
vibrations of a cantilever resonator with a magnetic tip |44|. A sequence of coherent 
manipulation pulses was applied to the spin in order to enhance its sensitivity to the 
resonator vibrations while suppressing noise from other sources. In this way, me- 
chanical vibrations down to a few picometers in amplitude were detected without 
phase locking NV spin dynamics and resonator vibrations. In these initial exper- 
iments, the spin-resonator coupling strength was )i,nag/2n — 70 Hz B3l or lower 
|[44|. Coupling strengths in the kHz range could be reached by combining a strong 
magnet with a nanoscale oscillator with large zero-point motion fl4]| . 
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The prospects of improving this type of hybrid quantum system depend on progress 
in increasing the magnetic coupUng strength A„,„^,. First, the magnetic tips can and 
must be improved with the use of cleaner materials and lithographic processing 
techniques. Second, the development of experimental techniques designed to bring 
the spin qubit and the gradient source as close together as possible without destroy- 
ing either qubit coherence or introducing mechanical dissipation should also yield 
significant gains in coupling strength. 



3 Atoms, Ions, and Molecules Coupled to Mechanics 

Atoms, ions, and molecules are quantum systems par excellence, and a sophisticated 
toolbox exists for coherent manipulation of their electronic, spin, and motional de- 
grees of freedom |45 , 46 1. It is therefore natural to ask whether such atomic quantum 
systems can be coupled to mechanical oscillators. Through the coupling, the tools of 
atomic physics could become available for quantum control of mechanical devices. 
On the other hand, mechanical oscillators could find new applications in atomic 
physics experiments, such as optical lattices with vibrating mirrors. 

Compared to the solid-state based approaches discussed in the previous sections, 
coupling atomic systems to mechanical oscillators creates a qualitatively different 
setting. Atoms in a trap can be regarded as mechanical oscillators themselves. Act- 
ing as a dispersive medium inside an optical cavity, an interesting variant of cavity 
optomechanics in the quantum regime can be realized (see chapter [STAMPER- 
KURN]). Atomic systems offer both the continuous degree of freedom of their mo- 
tion in a trap as well as a discrete set of internal electronic and spin states that can 
be reduced to two-level systems. Both the internal and motional state can be initial- 
ized, coherently manipulated, and detected on the quantum level with high fidelity, 
using techniques that have been developed in experiments on atomic clocks and 
interferometers B71I48I . Bose-Einstein condensation ll49ll50ll5Tl . and quantum in- 
formation processing f52 |. Coherence times of atomic systems are typically in the 
range of milliseconds up to many seconds |53 |, and thus much longer than those 
of most solid-state quantum systems discussed in the previous sections. Moreover, 
many properties of atomic systems can be widely tuned in-situ with external fields, 
including trapping frequencies, laser cooling rates, and even the strength of atom- 
atom interactions. 

While the good isolation of atoms trapped in a vacuum chamber enables long 
coherence times, it renders coupling to mechanical oscillators more challenging. 
Various coupling mechanisms have been proposed, such as electrostatic coupling 
to the motion of trapped ions ll54l l55l l56l and molecules [57 1, magnetic coupling 
to atomic spins Il58ll59l 160116111621 . and optomechanical coupling to atoms in free 
space 1631164) and in optical cavities fMl|Ml|62llMl|69l|70l|7l]|72l23l22E5^ Re- 
markably, some of these schemes predict strong atom-oscillator coupling even for a 
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single atom Il68ll69]| . First experimental implementations of hybrid atom-oscillator 
systems have recently been reported 1176117711781 . In the following, we discuss sev- 
eral of these proposals and experiments (see also the review in |79J). 



3.1 Direct Mechanical Coupling 

The conceptually most straightforward approach is to directly couple the vibrations 
of a mechanical oscillator to the vibrations of an atom or ion in a trap with the 
help of a "spring", i.e. a distance-dependent force between the two systems lf79l . 
We consider an atom of mass mm in a trap of frequency Qat and a mechanical 
oscillator of mass mgff and frequency £2^- The coupling force derives from a poten- 
tial Uc{d) that depends on the distance d between the oscillator and the atom. For 
small displacements x,Xai <^ d, the resulting coupling Hamiltonian is of the form 
He — U['{d)xxat, where U'J{d) is the curvature of Uc evaluated at the mean atom- 
oscillator distance d. The oscillator displacement can be written as i = xzpp {b + b^) 
in terms of creation/annihilation operators ^,o^] — 1 and the zero-point amplitude 
x-zvY = v/7j/2meffi2M. Similarly, the atomic displacement is Xat = Xatfl{dat + &lt) 
with [d^,f,dli] = 1 and x„, o — ^h/lniat^at- The Hamiltonian of the coupled system 
is then given by 

H = hnatdl,dat+hnMpb + hX{da, + dl,){b + P), (11) 
with a single-phonon atom-oscillator coupling constant 

hX = u"{d)xzpFXa,fi ~ r!Z^ (12) 

2 V meff 

for near-resonant coupling Qat ~ £2m- It is important to note that Uc also modifies 
the atomic trapping potential by contributing a term of order Ul!{d)x^f ll79l . We 
therefore introduce the dimensionless parameter e = U"{d)/{mi,tQat)^ which com- 
pares U"{d) to the curvature of the atom trap. To avoid strong trap distortion, we 
typically have e ^ 1 . In the special case where Uc itself provides the atom trap, we 
have e = 1. To achieve e > 1, the effect of Uc on the trap has to be partially com- 
pensated, requiring sophisticated trap engineering. For direct mechanical coupling, 
we thus find that X scales with Qat but is reduced by the atom-oscillator mass ratio, 
which is typically very small {y/m^Jm^f ^ — lO^'*). To achieve significant 
coupling strength, oscillators with small mgff are advantageous. 

Several theoretical proposals consider direct mechanical coupling between a 
trapped ion and an oscillator with a metallic electrode on its tip Il54l l55l |56 1 . In 
this case, Uc —eqj (47reoii) is the Coulomb interaction between the ion of elemen- 
tary charge e and the charge q — on the oscillator tip. For a nanoscale oscillator 
with meff — 10^ kg coupled to a single ^Be+ ion in a trap with Qat/2Tt = 70 MHz, 
we obtain X/2n — ex 150 Hz assuming Qm = Qat ll79l . A value of e = 1 can be 
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achieved e.g. with d = 10 /zm and a metalhc tip with a capacitance Cq = 10^'^ F 
and an appUed vohage Vg — 90 V. 

Stronger coupHng is possible if ^ 1 atoms are simultaneously coupled to the 
mechanical oscillator In this case, dat and a^, refer to the atomic center-of-mass 
(COM) motion. The coupling is collectively enhanced by a factor \/N, so that 

Xn = X\/N = e — J . (13) 

2 V m^if 

This result can be intuitively obtained by replacing m^, — > Nntat in Eq. ( [T2] i, for 
a derivation see |64l. An example of such collective coupling where Aa? can reach 
several kHz is given in section [33] 

In the experiment of llTTl . a direct mechanical coupling between a cantilever 
oscillator and ultracold atoms was demonstrated for the first time. An atomic Bose- 
Einstein condensate (BEC) of = 2 x lO'' atoms was placed at about one microm- 
eter distance from the surface of the cantilever and used as a probe for cantilever os- 
cillations (see Fig. [3^). The coupling potential is due to attractive atom-surface 
interactions, which substantially modify the magnetic trapping potential [/,„ at such 
small distance. One effect of the surface force is to reduce the potential depth (see 
Fig. ^p). In addition, it shifts the trap frequency and minimum position. When the 
cantilever oscillates, the trapping potential is modulated at the cantilever frequency 
i2iy[, resulting in mechanical coupling to the atoms as described above. 

In the experiment, the vibrating cantilever induced large-amplitude atomic mo- 
tion that was detected simply via atom loss across the barrier Uq, see Fig. [3]:. The ob- 
served atom-cantilever coupling depends strongly on the trap parameters and shows 
resonant behavior if X2m — £2at- Coupling to collective mechanical modes of the 



Fig. 3 Coupling of a mechan- 
ical cantilever and an atomic 
BEC via atom-surface forces 
[77 1 . (a) Atom chip with 
cantilever oscillator (length 
200 ^m, nM/27i = 10 kHz, 
metf = 5 ng, e = 3200). The 
atoms can be trapped and 
positioned near the cantilever 
with magnetic fields from 
wire currents, (b) Combined 
magnetic trapping and sur- 
face potential. The surface 
potential reduces the trap 
depth to f/(). Cantilever oscil- 
lations modulate the potential, 
thereby coupling to atomic 
motion, (c) Cantilever res- 
onance detected with the 
atoms, for two different driv- 
ing strengths of the cantilever. 
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BEC other than the COM mode was observed as well ||77). While it was possi- 
ble to detect the cantilever motion with the atoms, the backaction of atoms onto 
the cantilever was negligible in this experiment, mainly because the relatively large 
nigff = 5 ng results in a small coupling constant X^/ln ^ 10^^ Hz. Much stronger 
coupling could be achieved by miniaturizing the cantilever Since coupling via sur- 
face forces does not require functionalization of the cantilever, it could be used to 
couple atoms to molecular-scale oscillators such as carbon nanotubes [80J . In this 
case, a coupling constant of a few hundred Hz could be achieved ITTQI . 



3.2 Magnetic Coupling to Atomic Spin 

The vibrations of a mechanical oscillator can also be coupled to the spin of the 
atoms. This has several advantages compared to coupling to atomic motion. First, 
the atomic spin can be manipulated with higher fidelity. For hyperfine spins, co- 
herence times 72 of many seconds have been achieved 1531 . Second, it is easier to 
isolate a two-level system among the internal states, providing a way to the prepara- 
tion of non-classical quantum states of the oscillator. Third, hyperfine spin transition 
frequencies lie in the MHz to GHz range, significantly higher than typical trap fre- 
quencies. This enables coupling to high-frequency mechanical oscillators, which are 
easier to cool to the ground state. 

To couple to the spin of the atoms, the oscillator is functionalized with a small 
magnet that generates a field gradient VB, see Fig.|4^. Mechanical oscillations x{t) 
are transduced into an oscillating magnetic field B, (0 = VBx(f ) that couples to the 
spin. If Br{t) is perpendicular to the static field Bq in the trap, the Hamiltonian is 

H= ^a, + hQMb^b + hX„,agib + b')a,r (14) 

with a coupling constant X„,ag = gjiBXzpp^B/lh similar to Eq. (j4ji. The prefactor 
g (of order unity) accounts for the matrix element of the atomic hyperfine transi- 
tion considered. For transitions between Zeeman sublevels, the Larmor frequency 
is (Ol — gFjiBBo/h, with the hyperfine Lande factor gp. It can be widely tuned by 
adjusting Bq in order to achieve resonance (Ol — Qm- The coupled system realizes 
a mechanical analog of the Jaynes-Cummings model in cavity quantum electrody- 
namics ||27]| . with the phonons of the mechanical oscillator playing the role of the 
photons of the electromagnetic field. 

To achieve large Xmag a strong gradient VB is required. Approximating the mag- 
net by a dipole of magnetic moment /i„,, we have VB = 3/iojU,„/4;rc/^. It is thus 
essential to trap and position the atoms at very small distance d from the oscillator 
tip. At the same time, care has to be taken that VB does not significantly distort 
the atomic trapping potential. With neutral atoms in magnetic microtraps, d can 
be as small as a few hundred nanometers 1. 77 J . Compared with the solid-state im- 



plementations discussed in section 2.3 where d can be in the tens of nanometers 



range, it is thus more difficult to achieve large VB. On the other hand, the spin 
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Fig. 4 (a) Schematic setup for coupling the spin of an atomic BEC to a nanoscale cantilever with a 
magnetic tip |58|. Cantilever oscillations x{t) are transduced by the magnet into an oscillating field 
Br{t), which couples to the spin F of the atoms, (b) Experimental setup of |76|, where a vibrating 
cantilever with a magnetic tip induces atomic spin resonance in a room-temperature Rb vapor cell. 



decoherence rates T^^ of trapped atoms are exceptionally small. The main chal- 
lenge is the thermal decoherence rate J7h = ksT /hQ of the mechanical oscillator. 
The single-phonon single-atom strong coupling regime requires X,„ag > i7h, 72^- As 
in the previous section, collective coupling to ^ 1 atoms is a possible strategy to 
enhance the coupling strength. In this case, the collective strong-coupling regime re- 
quires Xn ~ XfimgVN > i7hj72"'- Several theory papers investigate how to achieve 
the strong coupling regime by coupling nanoscale cantilevers to the spin of ultra- 
cold neutral atoms Il58ll59ll60l 16111621 . The predicted coupling constants lie in the 
range of X/2n~ 10—10^ Hz, so that very high Q and low T are required for strong 
couphng. 

In ll76ll . a first experiment was reported where a cantilever with a magnetic tip was 
coupled to atoms in a room-temperature vapor cell, see Fig.|4|3. The cantilever was 
piezo-driven and induced spin resonance in the atomic vapor, which was recorded 
with a laser. Besides demonstrating spin-oscillator coupling, such a setup is of in- 
terest for applications in magnetic field sensing, where the cantilever is essentially 
used as a tool for spectroscopy of the atomic transition frequency. 



3.3 Optomechanical Coupling in Free Space 

The coupling mechanisms discussed in the preceding sections require to position 
atoms close to the mechanical oscillator. Combining trapping and cooling of atoms 
in ultra-high vacuum (UHV) with a cryogenic environment as required for minimiz- 
ing decoherence of the micromechanical system is a demanding task. In contrast, an 
indirect coupling mechanism acting over some distance would allow to keep the 
atomic and the micromechanical system in separate environments. Such a scheme 
was suggested in Il64l and experimentally implemented as described in |78|. 

Consider the setup shown in Fig. [5^. Laser light is retroreflected from a partially 
reflective membrane, resulting in a standing wave light field, which in turn provides 
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(a) 



Fig. 5 (a) Setup: Reflection 
of light from a micromechan- 
ical membrane results in a 
standing wave which provides 
an optical lattice potential for 
ultracold atoms. This configu- 
ration gives rise to a coupling 
of the membrane vibrations 
and the center of mass motion 
of the cloud of atoms. Laser 
cooling of atoms will sym- 
pathetically cool along the 
membrane I64i . (b) Measured 
change in the mechanical 
damping rate due to the sym- 
pathetic cooling effect in its 
dependence on atom number 
in the lattice [78J. 
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an optical lattice potential for a cloud of cold atoms. When the membrane supports a 
mechanical degree of freedom its position fluctuations will move the optical lattice, 
and thereby shake along the atoms. Conversely, position fluctuations of atoms in the 
potential will couple to the membrane's motion: When an atom is displaced from 
its potential minimum it will experience a restoring force which is due to transfer of 
photon momentum to the atom. This change in photon momentum is caused by an 
unbalancing of power between left and right propagating beams, which ultimately 
changes also the radiation pressure force on the membrane. Thus, also the membrane 
vibrates along with the atoms. 

A more quantitative, semi-classical consideration along these lines reveals that 
the (dimensionless) position and momentum fluctuations of the membrane and the 
atomic COM motion, q= [b + b^)/ V2, p — i[b^ — b) / \f7. and = {oat +alt)/ V^, 
Pat — K^at ^ ^ut)l \/2, respectively, on average obey the equations of motion 

(Pat) = -^c,t{qar)-2XN{q), {kat) = ^at{Pat) ■ (15) 

Here Qat denotes the trap frequency for atoms provided by the optical potential, Xn 
is the coupling strength between the COM motion of atoms and the membrane, and 
r is the power reflectivity of the membrane. The semiclassical calculation yields a 



coupling strength of Xn — (i2„(/2) \jNmatlmtfi as in Eq. (13 1, assuming resonance 
between the two systems ~ Q-ut- For mechanical frequencies on the order of 
several 100 kHz this condition is routinely met in state of the art optical lattices. As 



expected from the discussion in section 3.1 the coupling scales with the mass ratio 



between an atom and the membrane m„, / mgff, but it is also collectively enhanced by 
the number of atoms A^. Therefore even for a mass ratio niatlm^n — 10^'^, a large 
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but feasible atom number = 10^ will still give rise to an appreciable coupling Xn 
on the order of kHz for a trap frequency around one MHz. 

Curiously, the semiclassical consideration outlined above predicts a coupling be- 
tween atoms and membrane that is stronger in one direction than in the other by a 
factor given by the power reflectivity r. This scaling is in fact confirmed and ex- 
plained by a full quantum treatment of this system. Starting from a complete Hamil- 
tonian description including the motional degress of freedom of the membrane and 
atoms, as well as the quantized electromagentic field, it is possible to derive a master 
equation for the density matrix p of the membrane and atomic COM motion 1 64 1 . It 
has the form 

/3 = -i[Hsys - 2Xi^qatq-,p] +Cp +L,„p +La,p. (16) 

and implies the equations of motion ( [T5| ) for the mean values. The term Cp = 
— r)XN(jq,qarP] — [pqat,4\) is responsible for the asymmetric coupling. Its 
form is well known in the theory of cascaded quantum systems |[8Tl[82l . and arises 
here due to the finite reflectivity of the membrane. The Lindblad terms L„,p and LatP 
correspond to momentum diffusion of, respectively, the membrane and the atomic 
COM motion. They arise due to vacuum fluctuations of the radiation field giving 
rise to fluctuations of the radiation pressure force on the membrane and the dipole 
force on atoms. The full quantum treatment of the system correctly reproduces these 
well known effects, and shows that the corresponding diffusion rates are well below 
the rates of other relevant decoherence processes in this system: For the membrane 
mode this is thermal heating at a rate i7h due to clamping losses or absorption of 
laser light, which will heat the mechanical mode to thermal occupation nth in equi- 
librium. Atoms on the other hand can be laser cooled to the motional ground state by 
well established techniques such as Raman sideband cooling |78|. The correspond- 
ing cooling rate Yat.cuui is widely tunable and can in fact be significantly larger than 
i7h- Note that in contrast to the normal optomechanical situation the cooling rate 
of atoms can be switched off giving rise to a regime of coherent coupling between 
atoms and the membrane. 

This opens up the interesting possibility to sympathetically cool the membrane 
motion via laser cooling of atoms in the lattice. Adding a corresponding heating 
term for the membrane and a cooling term for atoms to the master equation ( [T6| ), 
and solving for the steady state it is possible to determine the effect of the atom- 
membrane coupling and the associated sympathetic cooling. In |64| it was shown 
that ground state cooling might in fact be within reach. In the weak coupling regime 

^ Yarxool we expect in analogy to the treatment of optomechanical sideband 
cooling that laser cooling of atoms results in an increased effective mechanical 
damping rate f^ff — Im +4-rX^/Yat,cooh where Im = £2m/Q is the intrinsic damping 
rate of the membrane. Such an increase was observed in the experiment reported in 
ll78l . Fig. [Sji shows the results for the change in mechanical damping Ay — i^ff — Jm 
for various experiments with different number of atoms in the lattice. The linear 
scaling as expected from the model discussed here is clearly confirmed. Also the 
magnitude of 4 7 in the experiment agrees well with the prediction by this model. 
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Overall this setup provides exciting first results and perspectives for interfac- 
ing micromechanical oscillators with ultracold atoms. The interface works at a dis- 
tance, easing experimental requirements, and enables sympathetic cooling towards 
the ground state, as well as coherent dynamics for quantum state preparation and 
measurement of the mechanical mode via coupling to ultracold atoms. 



3.4 Cavity-Optomechanical Coupling Schemes 

The optomechanical coupling discussed in the previous section can be enhanced by 
placing the atoms and the oscillator inside a high-finesse optical cavity. In such a 
system, the cavity field can mediate an interaction between the internal or motional 
degrees of freedom of the atoms and the vibrations of the oscillator In the following, 
we first discuss a scheme where the oscillator interacts with the internal state of an 
atomic ensemble. Subsequently, we present a system where the motion of a single 
trapped atom is strongly coupled to a membrane oscillator. 

3.4.1 Coupling of Atomic Internal Levels to Resonator Motion 

The presence of an ensemble of two-level atoms inside a driven optical cavity 
modifies the cavity response. For example when the atomic resonance is far from 
the cavity mode frequency, i.e. in the dispersive limit, the effect of the atoms onto 
the field is a phase shift. Similarly a vibrating cavity end-mirror also leads to a phase 
shift of the intracavity field. The field can then be used as a mediator between atoms 
and mechanical resonator to either allow an exchange of quantum states, entangle 
the two systems, or lead to enhanced optical cooling of the mirror. The last motive 
will be explored in the following and it can be seen as an atom induced effect of 
spectral filtering of the mirror scattered optical sidebands. The upshot is that low 
finesse cavities can provide resolved sideband cooling when supplemented with fil- 
tering ensembles of atoms ITTTI . 

The total Hamiltonian of the system can be split as H = Hq + Hj + H^hs, where 
^0 and Hj are the free part and the interaction term, while H^is describes dissi- 
pation. The mirror quadratures are defined as above, q = {b + b^)/\/2 and p — 
i(p^ —h)l\/7., and the atomic ensemble of frequency splitting (i>a is described by 
creation/annihilation operators [c,c^] = 1. The atom-cavity coupling Ga = gaVN is 
collectively enhanced by ^/N compared to the single atom-single photon coupling 
strength ga- The harmonic oscillator description for the atomic cloud is accurate 
when the cavity photons are much less numerous than atoms «cav ^ N. The cavity 
resonance is ©opt and the laser driving shows up in Hi as a displacement term of 
amplitude S = ^JTJ^^kJTixOl- One can derive equations of motion from the Hamil- 
tonian dynamics and then perform a linearization of fluctuations around steady state 
values that leads to a set of quantum linearized Langevin equations 




Fig. 6 Resolved sideband cooling of an end-mirror a) using a sharp resonance optical cavity and 
b) using a bad-cavity with an ensemble of atoms inside. The dotted black lines show the empty 
cavity response while the red and blue curves represent optical sidebands. The green line shows 
the modification of the cavity response in the presence of atoms. 



q = QmP, (17) 

p = -rMp-nMq+gid+d'') + ^, (18) 

a ~ -~{K + iAf)a + igq — iGaC + ai„, (19) 
c = -{Ya + i\)c - iGad + Ci„. (20) 

where Af = Oopt — (OL — g^/ is the effective cavity detuning, K is the cavity decay 
rate, Ya and zi„ = cOq — (Ol are the atom decay rate and detuning respectively, and ^ , 
din, Cin is quantum noise describing the effect of Hjis in the Langevin approach. 

Setting G„ = we recover the typical resolved sideband regime in optomechan- 
ics where under the conditions if ^ Qm and Af = £2m, optimal cooling of the mir- 
ror via the field is obtained as illustrated in Fig. |6^. The scattered sidebands are at 
fi^a.s..s = ± £2m and the sharp response of the cavity around Oopt leads to a suppres- 
sion of the heating sideband. Assuming a bad cavity that cannot resolve sidebands 
and Ga > 0, we are instead in the situation depicted in Fig. [SJ? where the atoms, 
placed at Aa ~ —iim, induce a dip in the cavity profile at cOs that inhibits scattering 
into the Stokes sideband. Defining atomic cooperativity C — G^/kYu, the dip at (Os 
scales as (1 +C)^'. The width of the dip is Ya{i+C) representing the enhanced 
light-induced atomic linewidth. When the Stokes sideband fits inside the dip one 
expects an inhibition by a factor of the order of (1 +C)^^. For a rigorous analy- 
sis one analyzes the spectrum of the Langevin force F — g{dj„ +«],,) which gives 
the cooling and heating rates (for Af = 0): Aas ^ g^/K and ~ g^/[K{l + C)]. 
Subsequently, the effective atom-mediated optical damping is 



K l+C 



J^opt = ^^^. (21) 



The residual occupancy is given by n''^' — As/ (Im +rj)pt) — > C^' (in the limit of 
large C) and can be compared with n''"^ = {k/2Qm)^ for the purely optomechanical 
system; an immediate advantage of this hybrid system comes from the scaling of 
fi'''^" with the controllable parameter A^. 
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Fig. 7 Linear atom- 
membrane coupling medi- 
ated by two driven cavity 
modes, (a) Schematics of the 
setup with atom, membrane 
and two cavity fields shown. 

(b) Two cavity resonances 
and the frequency position 
of the two driving lasers. 

(c) Internal structure of the 
atom, (d) Static illustration of 
optical potentials, (e) Dynam- 
ical illustration of potentials 
showing the modification in- 
duced by motion of atom and 
membrane. 
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While in the above the atomic system has been viewed rather as a high-Q system 
that acts as a spectral filter for light to relax the resolved sideband limit requirements, 
we nevertheless stress that one can as well take a different stand by seeing the cavity 
mode rather as a mediator between atoms and mechanical resonator From here, 
following the elimination of the cavity field as a fast variable, one can also derive 
the exact form of the implicit atom-mirror interaction and show effects such as a 
quantum state swap or entanglement L661I . 



3.4.2 Coupling of Atomic Motion to Resonator Motion 

In a situation as that depicted in Fig. |7^, where a single atom is trapped inside a 
cavity that surrounds a vibrating membrane, the effect of light on atomic motion 
can be exploited to generate motion-motion coupling between membrane and atom 
||68ll69ll . To this purpose we choose two fields of slightly different wavelengths and 
opposite detunings ±A with respect to two cavity resonances (see Fig.jTj)) that pro- 
vide harmonic trapping of the atom. The two fields have frequencies (Oi , (1)2 equally 
far-detuned by 5 from two internal transitions of the atom as shown in Fig. [?};. 
Around the atomic equilibrium position Xat a Lamb-Dicke expansion leads to a lin- 
ear atom-field interaction 

Haij^gatj[{a\+a\)-{a2+a\)]{aat+a^,), (22) 

where the atom-field coupling gat.f as well as the atomic trapping frequency Qat 
inside the two-field optical trap are quantities depending on the single photon Stark 
shift, cavity photon number and the geometry of the fields at position i:,,,. This in- 
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teraction can be interpreted as follows (Fig.|7jJ+e): fluctuations in the amplitudes of 
the two cavity fields exert oppositely oriented forces on the atom. Conversely, fluc- 
tuations of the atom around its mean position cause changes of opposite sign in the 
amplitudes of the two cavity fields. The membrane-field interaction takes a similar 
form 

H,nj ^ g„,j[{ai +a\) - {a2 + a2)]{b + P), (23) 

with a similar interpretation. To the reversible Hamiltonian dynamics one has of 
course to add the dissipation channels: cavity decay, momentum diffusion owing to 
spontaneous scattering of the atom and thermal decoherence of the membrane. 

The elimination of the fast varying cavity fields can be done in the limit \A \ ^ 
gat,f,gmj^ and the reduced atom-membrane dynamics is governed by a linear two- 
mode Hamiltonian 

Hat.n, = fimb^b + QaialtOat - A (flfl( +al,){b + P), (24) 
with atom-membrane coupling strength 

, ^ ^gat.fgm.fi^ +^m) 2ga,jg,„j{A-QM) 

K^ + iA+QuY- k2 + {A-Qm)^ ' ^ ' 

to which irreversible dynamics with decoherence rates 1^, Fat and f^h adds. 

The goal is to obtain a coupling A much larger than the rates of decoherence. For 
a demonstrative example we consider a single Cs atom and a SiN membrane of small 
effective mass mgff — 0.4 ng inside a cavity of finesse of ^ ~ 2 x 10^. A small cavity 
waist of Wo = 10 /zm results in a cooperativity parameter of 140. With a mechanical 
quality factor Q = 10^, resonance frequency = 2;r x 1 .3 MHz, circulating power 
Pc ~ 850 /iW and cavity length L = 50jUm we find a cavity mediated coupling X ~ 
2n X 45kHz and decoherence rates f^, fJh, i^ir — 0.1 x X. It it thus possible to enter 
the strong coupling regime with state-of-the-art experimental parameters, even with 
just a single atom in the cavity. 



4 Conclusion and Outlook 



We have discussed various hybrid systems in which a mechanical oscillator is cou- 
pled to another (microscopic) quantum system. The approaches that are being pur- 
sued are quite diverse, involving superconducting qubits, single spins in the solid 
state, quantum dots, ultracold atoms in magnetic and optical traps, as well as trapped 
ions and molecules. One motivation for building such hybrid systems is that they en- 
able novel ways to read out and control mechanical objects. For example, a switch- 
able, linear coupling of a mechanical oscillator to a two-level system allows for 
the preparation of arbitrary quantum states of the oscillator through the Law-Eberly 
protocol 1.83 J . 
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Experimentally, the coupling of superconducting two-level systems to mechani- 
cal oscillators is most advanced. First experiments have already reached the strong- 
coupling regime (see chapter [LEHNERT]). However, the coherence time of the 
involved qubits is very short (nano- to microseconds), and it is thus highly desirable 
to develop and implement strategies for strong coupling of mechanical oscillators 
to long-lived qubits such as spins in the solid-state or ultracold atoms in a trap. 
Strong coupling of mechanical oscillators to solid-state spins can build on the im- 
pressive achievements of magnetic resonance force microscopy, which has reached 
single-spin detection sensitivity already some time ago |16|. Recently, a novel sys- 
tem was realized in which the spin of a nitrogen vacancy center in diamond was 
used to sense mechanical motion 1431 l44l . In another recent experiment, an ensem- 
ble of ultracold atoms in an optical lattice was optically coupled to vibrations of a 
micromechanical membrane |78 |, enabling sympathetic damping of the membrane 
through laser-cooled atoms. By enhancing the coupling with a high-finesse cavity, 
strong coupling could be achieved even for a single atom |68 1. 

The fact that very different microscopic quantum systems are investigated as 
potential candidates for strong coupling to mechanical oscillators points to one of 
the big strengths of mechanical quantum systems: the oscillator can be functional- 
ized with electrodes, magnets, or mirrors while maintaining high mechanical quality 
factor Mechanical oscillators are thus particularly well suited to serve as quantum 
transducers f35\ for precision sensing or hybrid quantum information processing 
[84 1 . Through the mechanical vibrations, spin dynamics can e.g. be transduced into 
electric or optical signals, and one can envision scenarios where atomic quantum 
memories are interfaced with superconducting quantum processors. The versatility 
of mechanical devices makes them an fascinating toy in the playground of quantum 
science and technology and we expect many exciting developments in the future. 
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